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Abstract 
Due to the increasing use of hard to machine nickel-based alloys in aircraft engines, electrochemical machining (ECM) is an important 
manufacturing alternative, especially in blade and blisk (blade integrated disk) production. However, caused by constantly changing properties 
of the electrolyte during machining, it is difficult to predict suitable tool electrode (cathode) geometry for a given workpiece contour a priori. 
Especially temperature and gas evolution affect the conductivity of the electrolyte significantly and thus lead to local deviations in dissolving 
rate. So this paper presents optical in situ measurements of electrochemical machining the nickel-based alloy Inconel 718 in terms of high-
speed and thermography camera recordings. With the help of these measurements on the one hand a deeper process understanding is generated 
and on the other hand the findings will serve as input and validation for an interdisciplinary process simulation model based on conservation 
equations. Finally this model will be used to calculate a complex geometry and will be compared to experimental results. 
 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the “New Production Technologies in Aerospace 
Industry” conference in the person of the Conference Chairs: Prof. Berend Denkena, Prof. Yusuf Altintas, Prof. Pedro J. Arrazola, Prof. Tojiro 
Aoyama and Prof. Dragos Axinte. 
Keywords: Electrochemical Machining (ECM); Optical In Situ Measurements; High-Speed Camera; Thermography Camera; Interdisciplinary Modeling 
1. Introduction 
To achieve increased thermal efficiency of jet engines, hard 
to machine nickel-based alloys such as Inconel 718 are in 
common use for the manufacture of aero engine components. 
Especially the milling process of blades and blisks reaches its 
technological and economical limit. Here Electrochemical 
Machining (ECM) is a cost-effective alternative. In ECM high 
material removal rates can be realized without developing any 
white layer or heat affected zone. Additionally via ECM it is 
possible to achieve finished surface qualities during rough 
machining operations, which eliminates the need for further 
treatment like cost-intensive finish milling steps or polishing 
operations [1, 2]. 
But due to cost intensive tool developing processes and 
rather high investment costs for the machine tools, ECM is 
mostly used in productions with large batch sizes [3]. Main 
reason for high tool costs is an only knowledge-based, 
iterative cathode designing process. 
Especially temperature and gas evolution affect the 
conductivity of the electrolyte along the flow path 
significantly and thus lead to local deviations in dissolving 
rate (cp. Figure 1). So this paper presents optical in situ 
measurements of electrochemical machining the nickel-based 
alloy Inconel 718 in terms of high-speed and thermography 
camera recordings. With the help of these measurements on 
the one hand a deeper understanding of the process is 
generated and on the other hand the findings will serve as 
input and validation for an interdisciplinary process simulation 
model based on conservation equations. In principle the 
electric field is coupled with fluid flow and heat transfer by 
the specific electrical conductivity of the electrolyte with the 
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dissolving rate of the anodic workpiece material. Major 
difference of this model compared to literature [4] is the fact 
that the highly precision measured effective material removal 
rate serves as input to determine local material dissolution 
rate. Because of strictly using Faraday`s law where different 
valences are unknown functions of the local current density 
and thus material removal behavior cannot be described 
appropriately. In addition for the first time gas evolution and 
transport is considered as a real two-phase flow. Finally this 
simulation approach will be used to calculate the geometry of 
a complex shaped geometry under consideration of all relevant 
physical aspects. 
 
 
Fig. 1. Material removal principle of electrochemical machining (ECM). 
Nomenclature 
A machined cross section (A = l · w) 
Ain electrolyte inlet cross section (Ain = w · sҧf) 
F Faraday constant 
I ҧ average stationary operating current 
J current density 
J0 exchange current density 
Pelectric electric power (Pelectric = U · I ҧ ≈ ሶ ) 
ሶ  transferred heat to the working fluid flow rate 
R universal gas constant 
T temperature 
Tഥx mean temperature x measured by thermocouple 
Twork maximal working temperature measured by 
thermography camera recordings in the outlet 
ο Temperature difference 
U operating voltage 
ሶ x volume flow rate x 
Vsp specific material removal rate 
ሶ t thermodynamically work 
cp specific heat capacity 
cp,liq specific liquid heat capacity 
∆ea external energy 
∆h specific enthalpy 
l machined length 
ሶ  mass flow 
pin inlet pressure 
pout outlet pressure 
sҧf average working gap width 
t machining time 
vf feed rate 
 
vതx mean particle velocity x 
w machined width 
Ƚ transfer factor 
ɂ gas volume fraction 
Ʉ overpotential 
κ specific conductivity of the electrolyte 
κ0 temperature independent conductance 
ɏx fluid density x 
2. Optical In Situ Measurements 
Especially when machining components where the 
electrolyte has to take long flow lengths, e. g. aero engine 
blades or blisks, it is important to ensure excellent flushing 
conditions. Besides providing enough free charge carrier, in 
ECM main tasks of the flushing are to remove the machining 
products and to cool the working gap so that the electrolyte 
always stays below boiling temperature. Therefor due to small 
gap widths of less than 500 μm and the fact that caused by 
Joule heating almost 100% of the coupled electric power is 
converted into heat [4], high electrolyte pressure is necessary. 
This means that on the one hand especially the pressure 
chamber has to be designed with a high degree of stiffness 
and closeness although moving parts are involved. On the 
other hand most parts of the construction have to be out of 
nonconductive materials, primarily plastics, and have thus 
inferior mechanical properties compared to metal materials. 
Furthermore precisely because of their thermo-mechanical 
properties even high performance plastics are difficult to 
machine accurately by cutting processes. Summarized 
leakages of ECM tools are inevitable which means that in 
certain circumstances only a small amount of electrolyte 
flows really over the machining cross section. Besides it is 
hard to estimate which part of the electrolyte flow volume 
inside the pressure chamber goes effectively over the 
machining cross section and not pass by. In extreme cases 
either the most part of the complete inlet volume flow rate 
goes over the machining cross section which can lead to flow 
grooves or almost the complete inlet volume flow rate leaks 
out of the pressure chamber or does not pass the machining 
cross section which can lead to short circuits due to boiling of 
the electrolyte. 
But in order to set up an interdisciplinary simulation model 
it is extremely important to know the boundary conditions of 
the electrolyte flow especially in terms of the volume flow 
rate which really passes the working cross section. Only by 
measuring the inlet and outlet pressure, temperature and 
volume flow rate, the pressure chamber itself is still a kind of 
black box. To get a bit more information about the inside of 
the working gap, in the past especially current density 
measurements along the flow path were carried out but with 
the help of those results it is still impossible to deduce the 
influence of each physical effect on the local current density. 
Furthermore single camera pictures were taken but only at 
low current densities and hence large gap widths with low 
electrolyte flow rates which not correspond to relevant ECM 
conditions [5, 6]. Therefor with the help of latest high-speed 
and thermography camera systems in this chapter for the first 
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time recordings of the electrochemical sinking process at 
industrially relevant ECM conditions are presented. 
2.1. Test Setup and Conditions 
For the optical in situ measurements, namely high-speed 
and thermography camera recordings, a test setup was 
constructed and manufactured, Figure 2. Due to the fact that 
the pressure chamber was designed with two glasses out of 
sapphire it is possible to do high-speed and thermography 
recordings on one platform. The cathode is implemented into 
the chamber and both are fed with a rack towards the clamped 
and fixed workpiece (Inconel 718). With regard to the 
manufacture of aero engine blades and blisks the machined 
cross section has the dimensions 40 mm in the direction of 
flow and 6 mm perpendicular to that. So the flow path is in 
the same magnitude of the typical chord length of blades 
which are manufactured by electrochemical machining and 
the width of the machining area still allows that enough light 
can be put through the working gap for the high-speed camera 
recordings. With the help of thermocouples the mean 
temperature can be measured directly before and after the 
machining area that a calibration for the thermography 
recordings is possible. Furthermore inlet and outlet pressure 
as well as volume flow rate can be measured. 
 
 
Fig. 2. Test setup for in situ validation measurements. 
All experiments and simulations were conducted under 
industrially relevant ECM conditions. In Table 1 these process 
parameters and boundary conditions for the interdisciplinary 
simulation model respectively are summarized. 
Table 1. Machining parameters and boundary conditions respectively. 
Parameter Symbol Value Unit 
machined cross section A 40 x 6 mm² 
average stationary current Iҧ 162 A 
mean inlet temperature Tഥin 36 °C 
operating voltage U U 19 V 
specific material removal rate Vsp 1,45 A/(mm³ min) 
outlet volume flow rate ሶ out ≈ 5 l/min 
inlet pressure pin 6 bar 
outlet pressure pout 1 bar 
average gap width sҧf 350 μm 
machining time t 30 s 
feed rate vf 1 mm/min 
specific conductivity κ 160 mS/cm 
fluid density ρ 990 Kg/m³ 
specific heat capacity c 4.2 KJ/Kg 
 
As mentioned above it is hard to estimate the different 
volume flow rates of the electrolyte during electrochemical 
machining especially within the pressure chamber. 
Nevertheless with a combination of ex and in situ 
measurements as well as fundamental physical equations it is 
possible to determine the mean flow velocity in the working 
gap ത୵୭୰୩  as an important key-boundary condition for the 
interdisciplinary simulation model presented later on 
(Figure 3). It can be shown that in electrochemical machining 
almost 100% of the coupled electric power is transferred into 
Joule heating of the electrolyte passing the machining area 
(Pelectric ≈ ሶ )  [5]. But as already discussed it is almost 
impossible to construct an ECM tool without any leakage 
(ሶ leak = 0) and without any bypass volume flow rate 
(ሶ bypass = 0) within the pressure chamber. 
 
 
Fig. 3. Test Conditions and possibilities to validate experimental data. 
Nevertheless with high effort it was ensured for all 
conducted experiments that the leakage volume flow rate was 
adjusted to almost zero (ሶ leak ≈ 0). Hence the first law of 
thermodynamics for closed systems neglecting technical work 
and external energy can be formulated (Equation 1). 
 
ሶܳ ൅ ሶܹ ௧ ൌ ሶ݉ ή ሺο݄ ൅ ο݁௔ሻ ൎ ሶ݉ ή ܿ௣ ή οܶ (1) 
When all process parameters are taken into account and 
assuming the density of the gas phase to be small compared to 
the density of the liquid phase (ɏgas << ɏliq) the mean flow rate 
തwork within the working gap can be calculated (Equation 2). 
ݒҧ௪௢௥௞ ൌ
ܷ ή ܫ ҧ
ߩ௟௜௤ ή ܿ௣ǡ௟௜௤ ή οܶ ή ݏҧ௙ ή ݓ (2) 
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With the help of the thermocouple behind the machining 
area the average outlet temperature Tഥout is measured after the 
bypass (ሶ bypass) and the working volume flow rate (ሶ work) have 
perfectly been mixed to the outlet volume flow rate ሶ out. This 
mean temperature can be used as validation parameter for the 
measured local working temperature Twork by the 
thermography camera recordings as well as for the mean 
particle velocity vതparticle determined based on the high-speed 
camera recordings. 
2.2. High-Speed Camera Recordings 
For the high-speed recordings a Phantom v7.3 camera 
system was used. The camera allows a frame rate up to 
190,000 frames per second (fps) at full resolution. 
Considering the expected flow rates of the electrolyte a 
camera setup of 30,075 fps was used. Under these conditions 
a maximum recording time of 2.2 seconds is possible. High-
performance LED spotlights were used for the exposure of the 
working gap. Caused by the narrow focusing plane, only a 
small spot of the fluid flow boundary layer can be focused. By 
the shadow of the gas bubbles, all bubbles in the channel are 
projected. Analyzing the recordings, the potential expansion 
of the bubbles by light scattering must be critically 
considered. Therefor the main focus during the high-speed 
camera experiments was to ensure that mainly the deepest 
shadow was recorded. Further with the help of the interval 
time between two images and the pixel size, determined by 
gap width measurements, enables a mean flow velocity 
investigation by particle tracing in the working gap (vതparticle). 
In addition the working volume flow rate ሶ work can be 
calculated considering the mean gap width sҧ f and the 
machined width w. 
Due to the 2.2 seconds of recording time stationary 
conditions must be installed before the experiment. This was 
realized by interrupting a stationary process and restarting the 
experiment under the same conditions. Figure 4a shows the 
working gap after stopping the stationary process. The process 
typical edge rounding in the inlet area is caused by focused 
electric flux lines and stray currents. After restarting the 
process, on the cathode side hydrogen bubbles arise 
immediately, Figure 4b. In this recording a low mean flow 
velocity of 1.25 m/s at a current density of 0.7 A/mm2 was 
chosen to enforce a high accuracy of the gas bubbles. 
 
 
Fig. 4. High-speed camera recordings of gas evolution during ECM 
(a): ത୮ୟ୰୲୧ୡ୪ୣ = 0 m/s, (b): ത୮ୟ୰୲୧ୡ୪ୣ ≈ 1.25 m/s. 
2.3. Thermography Camera Recordings 
The thermography recordings were performed with a FLIR 
SC7600-MB camera system. At full resolution the camera has 
a recording rate of 100 fps and with the used lens a pixel pitch 
of 15 μm was realized. With these settings a recording time of 
37 seconds is possible which allows capturing the complete 
process time but only within a narrow focus plane. 
As shown in Figure 2, two thermocouples are used in order 
to calibrate the thermography recordings. Due to the different 
local emissivity of the electrolyte and transmissivity of the 
whole setup, caused by changing conditions within the 
working gap (temperature, gas and material removal), it is not 
possible to measure a numerical quantity value of temperature 
over the flow length. Figure 5a shows the inlet of the working 
gap equivalent to the high-speed recordings. Besides the fact 
that the mean inlet temperature Tഥ in measured by the 
thermocouple corresponds exactly with the local temperature 
of the optical in situ measurements the linear thermal heating 
in the working gap is clearly recognizable. 
Figure 5b shows the outlet area of the machined workpiece 
respectively. Here the bypass volume flow rate, as mentioned 
in Figure 3, mixes up with the working flow rate after the 
machined area. Hence the measured mean outlet temperature 
Tഥout is lower than the maximum working temperature Twork 
recorded by the thermography camera. On basis of stationary 
electrolyte conditions, from the outlet of the working gap to 
the thermocouple, the emissivity and transmissivity can be 
assumed to be constant. Under this assumption the maximum 
working temperature in the outlet area can be determined to 
51°C. Using the temperature Twork the calculated working 
volume flow rate by Equation 2 is identically to the 
determined volume flow rate of the high-speed recordings. 
This a posteriori correlation analysis ensures that both 
recordings were taken under nearly same conditions.  
 
 
Fig. 5. Thermography camera recordings of working gap during ECM 
(a): inlet, (b): outlet. 
3. Interdisciplinary Simulation Model 
3.1. Structure of the Model 
Caused by the interdisciplinary theoretical background 
several physical phenomena have to be considered and 
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described to get a simulation model of the ECM-process [6]. 
Basis of the interdisciplinary model is the description of the 
anodic metal dissolution by Faraday´s law. The first extension 
is the electric field, which is modeled by the Maxwell 
equations. As the electrical properties of the electrolyte are 
changing along the working gap, it is necessary to model 
these changes with the Navier-Stokes equations and the 
energy conservation equation. With this set of conservation 
equations it is possible to compute a laminar flow effectively. 
But because the fluid flow can become turbulent in the 
working gap, an additional set of equations has to be added, 
the so called turbulence model. For the turbulent flow in an 
electrolyte channel under typical ECM process conditions the 
k-ε-model describes the behavior the best. In most former 
models the electrochemical gas evolution at the electrodes 
was not considered. But due to the high volume fraction of 
gas in electrolyte during ECM it is necessary to model the 
evolution, transport and influences of that gas and its 
influence on the electrical conductivity. For numerical reasons 
it is not possible to take all kinds of gases into account. Hence 
the hydrogen as the major gas during ECM is modeled.  
The gas evolution itself, unlike the anodic metal 
dissolution, can be described by the Butler-Volmer equation 
as a function of the local state variables like pressure and 
temperature: 
ܬሺߟǡ ܶሻ ൌ ܬ଴ ቀ݁ఈ
ಷ
ೃ೅ఎ െ ݁ሺଵିఈሻ ಷೃ೅ఎቁǤ (3) 
Once evolved at the cathode the hydrogen and the 
electrolyte form a two-phase flow. There are several possible 
descriptions for two-phase flows, in which the so called 
bubbly-flow is the most useful in this case. The influence of 
the non-conductive hydrogen to the electrical conductivity κ 
of the electrolyte can be considered by the Bruggemann 
equation: 
ߢ ߢ଴ൗ ൌ ሺͳ െ ߝሻଷȀଶǤ (4) 
The gas evolution is an essential step for building up a 
simulation model of the macroscopic ECM-process that 
considers all known relevant aspects. But due to numerical 
stability and economy it is not possible to compute all 
phenomena at the same time. Therefore in the first step the 
fluid field, the temperature and the electric field are 
calculated, while the material removal is computed in a 
second step with the state variables as an input from the first 
step (Figure 6). 
 
 
Fig. 6. Simulation order and steps of the interdisciplinary simulation model. 
3.2. Validation by in situ measurements 
For the applicability of the simulation model in the cathode 
design process it is necessary to validate the model with 
different experiments. The gas evolution as an example can 
partly be validated with help of the high-speed camera 
recordings. However in the bubbly-flow model of the 
electrolyte no single bubbles can be pursued but the local 
concentration of the gas and the fluid. So it can be seen that 
the boundary layer of the gas in the simulation grows in the 
same way compared to the experiment (Figure 7). 
 
 
Fig. 7. Comparison of high-speed camera recordings (a) and gas evolution 
simulation (b). 
From the comparison of the thickness of the boundary 
layers it seems that there exists little less gas in the simulation 
model than in the experiment. This is caused by little 
concentration of other gases produced at the cathode in 
NaNO3-electrolytes, like ammonia and nitrogen dioxide [8]. 
Nevertheless the model of the hydrogen evolution process can 
be validated with these recordings. Furthermore the amount of 
gas at the end of the electrolyte gap was measured and 
compared to the simulation, which showed also a good 
accordance. 
Besides gas evolution and transport the model of the Joule 
heating by the loss of electrical power has to be validated. 
Therefore the recordings of the thermography camera are 
compared to the results of the simulation model (Figure 8). 
 
 
Fig. 8. Comparison of thermography camera recordings (a) and heat-transfer 
simulation (b). 
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As already mentioned it is incorrect to quote a numerical 
quantity value of temperature in thermography camera 
recordings if the emissivity is unknown. But with the help of 
the plotted isothermal contours within the electrolyte channel 
it can be stated that the experimental and the simulation 
results show an excellent optical accordance over the flow 
path. 
The temperature development along the electrolyte channel 
shows the lowest temperature in areas with high flow rates in 
both figures. They also show increasing temperatures along 
the flow path. Caused by different materials for cathode and 
anode the heat conduction is better in the cathode, which is 
shown equivalent in experiment and simulation. With the help 
of these two experiments the gas evolution and the thermal 
model are validated. So the physical models of the single 
phenomena are described correctly. The influences of the gas 
phase and the temperature field to the material removal 
process have to be validated by the comparison of a computed 
and experimental produced contour. 
3.3. Results for the Calculation of a Complex Geometry 
The last step to validate the extended simulation model is 
to measure the effect of gas evolution to the removal process. 
For the former simulation model reference geometry was 
designed to show the accuracy of the model [9]. The 
comparison between simulated and experimental produced 
contour showed a very good accordance in the frontal gap and 
the side gap at the inlet. But downstream in the side gap of the 
outlet more material was removed in the simulation than in 
the experiment. This lack of accuracy is removed with the 
extended model (Figure 9). 
 
 
Fig. 9. Comparison of experiment and interdisciplinary simulation results for 
a complex geometry example. 
Figure 9 shows that the frontal gap is almost unaffected by 
the gas evolution. This can be attributed to the fact that the 
fluid velocity is very high in these regions and so both 
generated heat and molecular hydrogen gas are flushed away 
very quickly. Furthermore the side gap at the inlet is also 
unaffected by the gas production, thus an excellent 
accordance to the results of the former simulation model and 
the experiment was achieved. 
However in the side gap of the outlet is an area with high 
recirculation where the evolved gas can accumulate. As a 
result of the high gas concentration and the Bruggemann 
equation the material removal is reduced and the deviation 
between computed and produced contour is below 80 μm.  
4. Summary and Outlook 
In order to gain a better understanding of the ECM-process 
and for validation reasons of an interdisciplinary simulation 
model, in this paper experimental results of optical in situ 
measurements, namely high-speed and thermography camera 
recordings, were presented. Therefor initially challenges in 
the manufacture and the operating principle of ECM-tools 
have been critically discussed. In this context the difficulties 
and uncertainties in the deduction of correct boundary 
conditions for simulation models were mentioned. Afterwards 
both camera systems were introduced and the results of 
optical in situ measurements recorded under relevant ECM 
conditions were presented. Further the simulation model was 
presented with focus on the expansion of the turbulent two-
phase flow considering the developing process gas. In a 
following step the optical in situ measurements were 
compared to the simulation results. For validation reasons a 
rectangular geometry with the dimension of the typical chord 
length of an air foil was calculated. Both, temperature and gas 
evolution showed excellent accordance with the camera 
recordings. Finally the advantage of the validated simulation 
model, which is now considering all known relevant physical 
effects, could be proved by the comparison of experimental 
and simulation results of a complex geometry example. In 
future work this model will be extended on three dimensions 
and will be applied to aero engine blade geometry. 
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